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Paracoccidioides brasiliensis is the etiological agent of paracoccidioidomycosis, an important human systemic
mycosis in Latin America. Recently, the existence of three different phylogenetic species (S1, PS2, and PS3) of
P. brasiliensis was demonstrated. Despite being genetically isolated, all three species were capable of inducing
disease in both humans and animals, although lower virulence has been found with the PS2 species. The
available molecular methods developed to characterize and type strains have not been useful for assigning
isolates to the described species, creating the need for molecular markers capable of distinguishing genetically
isolated groups. Here, we describe a PCR and sequencing-based microsatellite marker system that is stable,
easy to assay, adaptable to large series of isolates, and discriminatory enough to be used as a typing system in
identifying the three proposed species of P. brasiliensis. In addition, this system provides an unambiguous tool
for strain discrimination between two (S1 and PS2) of the three phylogenetic species.

Paracoccidioides brasiliensis is the etiological agent of para-
coccidioidomycosis, an important human systemic mycosis in
Latin America (21). Paracoccidioidomycosis is endemic to an
area extending from Mexico to Argentina, and it is estimated
that approximately 10 million people are infected with the
fungus (2). The annual incidence rate in Brazil, the country
with the highest endemicity, is 10 to 30 per million inhabitants,
and the mean mortality rate is 1.4 per million per year (4). This
fungus has shown extensive genetic variability as determined
by molecular tools such as restriction fragment length poly-
morphism (RFLP) analysis (20) and electrophoretic karyotyp-
ing (17). Recently, the existence of three different phylogenetic
species of P. brasiliensis has been demonstrated (16). They
have been identified as S1 (species 1; 38 isolates), PS2 (phylo-
genetic species 2; 6 isolates), and PS3 (phylogenetic species 3;
21 isolates). Variations in the virulence and gene expression of
antigenic proteins have been found between P. brasiliensis iso-
lates now known to belong to species S1 and PS2 (11). Despite
the differences reported among them, all three species are
capable of inducing disease in both humans and armadillos (3),
and consequently, the ability to cause disease is not a charac-
teristic for species identification. In addition, none of the mo-
lecular methods developed to characterize and type strains,
such as karyotyping and RFLP analysis, is useful for assigning
strains to genetically isolated groups due to the low number of
strains tested. Thus, there is a need for molecular markers
capable of distinguishing among phylogenetic species. Once a
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suitable classification system has been developed, well-grounded
detection and differentiation protocols should be devised in order
to promptly characterize new isolates and pursue specific biolog-
ical questions (15).

Microsatellites, or simple sequence repeats, are tandem re-
peated segments of DNA composed of one to six base pair
units. Length polymorphism in microsatellites arises from vari-
ations in the number of repeated units (7, 22). Indeed, these
simple, tandem repeated oligonucleotides are highly polymor-
phic and amenable to precise, robust, and highly reproducible
allelic characterization through the sizing or sequencing of
PCR products (23), and it has been discovered that they can be
used to identify several pathogenic fungi (1, §, 9, 13). Recently,
the existence of microsatellite markers from a collection of
unique random sequence tags that are representative of the
genome composition has been described for P. brasiliensis (19).
Here, we describe the microsatellite patterns observed and the
utility of some of them as molecular markers to discriminate
among P. brasiliensis isolates in a search for correlations be-
tween the genetic backgrounds of the strains and the species
boundaries previously proposed.

MATERIALS AND METHODS

Selection of isolates. The 64 P. brasiliensis isolates used in this study have been
described previously (16) and are listed in Table S1 in the supplemental material.
The entire sample encompassed isolates from the three phylogenetic species
described for P. brasiliensis, namely, S1 (n = 37), PS2 (n = 6), and PS3 (n = 21),
and represented six areas of paracoccidioidomycosis endemicity. The corre-
sponding cultures were grown as reported previously (6). Total DNA was ex-
tracted from the yeast culture with protocols using glass beads (25) or maceration
of frozen cells (18).

Microsatellite loci. OLIGO 4.0 (National Biosystems, Plymouth, Minn.) was
used to design the oligonucleotide primers (Operon Technologies, Inc., Ala-
meda, California) for selection of sequences of 10 nonrepetitive DNA regions
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TABLE 1. Characteristics of the five polymorphic regions tested, including perfect microsatellites

PCR mean

Marker Upper primer (5'-3") Lower primer (5'-3") sgflf;ex?cte prOd(ltl)Ct) size  GenBank accession no. (%a
P

PBMS1 CCACCCTGGCGAGGAAGACCCC GCTTCCACGTTGGATCAGGTGC T 530.09 DQ313963-DQ314026 59

PBMS2 TGCCCGAAGCAGCCCCCCGGG GAGAAAGTGAGTTGGTTTACG TAAA 198.12 DQ314027-DQ314090 58

PBMS3 TGTCTAAGAGGACCGACCACG GTGCCAGTGCATCATGAACAG GAAA 388.94 DQ313835-DQ313898  58.5

PBMS4 TCGTCGAACTCTTGTTGAAGG TGAGGGAAGCACGCAGAACGC AC 368.28 DQ313899-DQ313962  57.4

PBMS5 TTTGCTACACTTCCCTCTCCC CTTCCCCCATTCTGATTCTCG AT 395.58 DQ314091-DQ314154 61

“T,,, annealing temperature.

with embedded microsatellites. The primers and their respective annealing tem-
peratures for PCR amplification are described in Table 1 (19).

The cyclic reaction termination method using a Big-Dye terminator cycle
sequencing kit (Applied Biosystems, Foster City, California) was performed to
define the nucleotide sequences. Sequence data were collected from both strands
and examined with Sequence Navigator v. 1.0.1 (Applied Biosystems). The se-
quences were aligned manually, and the repeats were counted by visual inspec-
tion. Only perfect microsatellites (those composed only of identical repeats) were
selected for the analysis.

Data analysis. A search for single microsatellites that could recognize all three
phylogenetic species was performed, but no single microsatellite sufficed. A

graphic approach was used to determine which of the microsatellite pairs could
differentiate among the phylogenetic species, using the number of repeats in each
microsatellite. The number of repeats from all microsatellite pairs formed was
treated as a coordinate, and the number of repeats of one of the microsatellites
was plotted against the number of repeats of the other one in a Cartesian system.

Discriminatory power (D) was calculated using the Simpson index of diversity,
utilizing the following formula:

N

1
Dzl—mz)ﬂ(&—l)
=1

TABLE 2. Allelic frequencies of the five markers for the phylogenetic species S1, PS3, and PS2 of P. brasiliensis

S1 PS3 PS2
Marker Allele size No. of Allelic Allele size No. of Allelic Allele size No. of Allelic
(no. of repeats) isolates frequency (%) (no. of repeats) isolates frequency (%) (no. of repeats) isolates frequency (%)
PBMS1 9 1 2.70 9 0 0 9 1 16.66
10 6 16.21 10 21 100 10 3 50
11 3 8.10 11 0 0 11 0 0
12 18 48.64 12 0 0 12 2 33.33
13 11 29.72 13 0 0 13 0 0
PBMS2 4 6 16.21 4 0 0 4 0 0
5 1 2.70 5 0 0 5 6 100
9 1 2.70 9 20 95.23 9 0 0
10 18 48.64 10 1 4.76 10 0 0
11 6 16.21 11 0 0 11 0 0
14 1 2.70 14 0 0 14 0 0
15 4 10.81 15 0 0 15 0 0
PBMS3 7 0 0 7 1 4.76 7 3 50
8 0 0 8 0 0 8 2 33.33
9 15 40.54 9 0 0 9 1 16.66
10 2 5.40 10 1 4.76 10 0 0
11 4 10.81 11 2 9.52 11 0 0
12 3 8.10 12 16 76.19 12 0 0
13 12 32.43 13 0 0 13 0 0
14 0 0 14 1 4.76 14 0 0
15 1 2.70 15 0 0 15 0 0
PBMS4 10 1 2.70 10 0 0 10 3 50
11 0 0 11 0 0 11 3 50
12 10 27.02 12 0 0 12 0 0
13 1 2.70 13 0 0 13 0 0
14 23 62.16 14 0 0 14 0 0
15 2 5.40 15 1 4.76 15 0 0
17 0 0 17 19 90.47 17 0 0
18 0 0 18 1 4.76 18 0 0
PBMSS5 8 2 5.40 8 0 0 8 0 0
11 2 5.40 11 1 4.76 11 0 0
12 8 21.62 12 19 90.47 12 3 50
13 11 29.72 13 1 4.76 13 2 33.33
14 13 35.13 14 0 0 14 1 16.66
18 1 2.70 18 0 0 18 0 0
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where N is the number of strains tested, S is the number of different types, and
X; is the number of strains exhibiting the jth microsatellite genotype (14).

Statistical analysis. Each microsatellite was evaluated by means of one-way
analysis of variance with SPSS v. 11 for Mac OS X (SPSS, Inc. Chicago, Ill.) to
determine if there were significant differences in the distribution of its repeats
among the species. A P value of less than 0.01 was considered significant for
rejecting the null hypothesis of the lack of differences in the number of repeats
among the species. The box plots associated with this analysis were done with
Statistix 8.0 (Tallahassee, FL).

Nucleotide sequence accession numbers. The sequences obtained during this
study have been deposited in the GenBank database under the accession num-
bers listed in Table 1.

RESULTS

Five of the nine microsatellites originally sequenced were
perfect microsatellites (56%). All microsatellites suffer from
length homoplasy; i.e., alleles identical by length may not be
identical by descent. This homoplasy can be recognized in
imperfect microsatellites, so they were discarded from further
analysis (5, 10).

The stability of the markers in P. brasiliensis reference
strains ATCC 60855 and ATCC 76533 was checked after 30
subcultures of the mycelial phase over a 3-year period. In all
these experiments, repeated genotyping of an isolate always
resulted in the same profile, indicating that the assay was
reproducible and that the selected microsatellite loci were
stable.

Each locus appeared polymorphic, with five, seven, nine,
eight, and six alleles for microsatellites PBMS1, PBMS2,
PBMS3, PBMS4, and PBMSS, respectively (Table 2).

The discriminatory powers of the individual microsatellite
loci were as follows: for PBMSI1, 0.68; for PBMS2, 0.81; for
PBMS3, 0.81; for PBMS4, 0.76; and for PBMSS5, 0.69. More-
over, the distributions of the repeats for each locus showed
extensive overlap among the three phylogenetic species (see
Fig. S1 in the supplemental material).

Overall, a total of 43 distinct multilocus genotypes could be
identified using the five markers in combination. One genotype
corresponding to PS3 was overrepresented; it was found in 12
of the isolates (18.8% of all the isolates, 57.2% of the PS3
isolates) (Table 3). The index of discrimination for the whole
sample was 0.96 according to the Simpson index of diversity
(14). The diversity index for each species was 0.98 for S1, 0.93
for PS2, and 0.69 for PS3. Of the 10 possible pairs of micro-
satellites, 3 pairs provided good resolution for differentiating
among the three species, and all of these pairs involved PBMS4
in combination with either PBMS1, PBMS3, or PBMSS5 (Fig. 1).
Although other microsatellite pairs could be used to recognize
one of the three species, they failed to recognize the other two
(see Fig. S2 in the supplemental material). The description of
the patterns obtained from these analyses for the recognition
of species is described in Table S1 in the supplemental ma-
terial.

DISCUSSION

The main objective of this study was to develop a micro-
satellite marker system to recognize the three phylogenetic
species of the pathogenic, dimorphic fungus P. brasiliensis.
This typing system could have clinical relevance, because
variations in virulence and gene expression have been de-
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TABLE 3. Characteristics and frequency of the
43 multilocus genotypes

No. of % of Allele size (no. of repeats) for:
Genotype” . """,  total
isolates” iolates PBMSI PBMS2 PBMS3 PBMS4 PBMSS
1 1 1.56 9 5 8 11 13
2 1 1.56 12 5 8 11 13
3 1 1.56 12 5 7 10 12
4 2 3.12 10 5 7 10 12
5 1 1.56 10 5 9 11 14
6 1 1.56 13 11 9 14 13
7 1 1.56 10 14 12 14 12
8 2 3.12 10 15 11 14 12
9 1 1.56 10 15 11 14 13
10 1 1.56 9 15 11 14 12
11 1 1.56 13 9 9 14 13
12 2 3.12 13 10 9 12 13
13 4 6.25 13 10 9 14 13
14 1 1.56 12 10 9 14 13
15 2 3.12 13 10 9 14 14
16 1 1.56 13 11 13 12 14
17 1 1.56 12 11 13 12 12
18 1 1.56 12 11 13 12 14
19 1 1.56 12 11 9 12 14
20 1 1.56 12 10 9 12 13
21 1 1.56 12 11 9 12 11
22 1 1.56 12 10 10 14 14
23 3 4.68 12 10 13 14 14
24 1 1.56 12 10 12 14 12
25 1 1.56 11 10 9 12 8
26 1 1.56 11 10 10 12 18
27 1 1.56 11 10 13 14 8
28 2 3.12 12 4 13 15 14
29 1 1.56 12 4 13 14 14
30 1 1.56 12 4 13 14 11
31 1 1.56 12 4 15 14 14
32 1 1.56 10 4 13 13 12
33 1 1.56 10 5 12 10 12
34 1 1.56 10 9 10 17 12
35 1 1.56 10 9 7 17 12
36 12 18.75 10 9 12 17 12
37 1 1.56 10 9 12 17 13
38 1 1.56 10 10 12 17 12
39 1 1.56 10 9 14 17 12
40 1 1.56 10 9 12 17 11
41 1 1.56 10 9 11 15 12
42 1 1.56 10 9 12 18 12
43 1 1.56 10 9 11 17 12

“ The numbers assigned to the multilocus genotypes are arbitrary.
® The total number of isolates, representing all the isolates from the three
species, was 64.

tected among P. brasiliensis isolates belonging to species S1
and PS2 (3, 11).

The microsatellite marker system provides a highly effective
method for the DNA fingerprinting of several organisms and
has been successfully used for typing fungi, such as Saccharo-
myces cerevisiae (13), Aspergillus fumigatus (1), and Candida
spp. (9), and also for assigning unknown strains of Coccidioides
to the corresponding species and population (8). The method
has proven to be discriminative, reproducible, and easy to
perform. Furthermore, it has been demonstrated that the mi-
crosatellites are stable markers over several generations in
many fungi, such as Candida (9) and A. fumigatus (1).

Although microsatellites have been previously reported for
P. brasiliensis, this is the first report of their use for recognizing
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FIG. 1. Scatterplots of the number of repeats of two selected mi-
crosatellites. (A) PBMSI1 versus PBMS4; (B) PBMS3 versus PBMS4;
(C) PBMS4 versus PBMS5. The three selected microsatellite pairs
correspond to those that are useful for the recognition of the three P.
brasiliensis phylogenetic species.

three newly described phylogenetic species (16). We have
estimated that the microsatellites are stable for more than
450 generations, assuming that the generation time for P.
brasiliensis is up to 52 h (4a).

We avoided using imperfect microsatellites to eliminate
markers for which we could document length homoplasy, rec-
ognizing that even perfect microsatellites can be homoplasic.
We confirmed microsatellite perfection by sequencing alleles.
The discriminatory power of individual loci was low, and none
of the selected microsatellites alone could be used to recognize
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strains among the three species, as shown by the distribution of
the number of repeats that overlapped in all the cases (see Fig.
S1 in the supplemental material). Nonetheless, among the
three species, in some cases, differences in the number of
repeats from each locus were significant (P < 0.01) (see Fig. S1
and Table S2 in the supplemental material). Pairs of loci,
however, were effective in differentiating among the three phy-
logenetic species, and we found that 3 of 10 possible pairs were
useful.

The only overrepresented genotype was found within PS3.
When these PS3 isolates were removed and the analysis was
performed with only the S1 and PS2 species, the discrimi-
natory index rose from 0.69 to 0.96, indicating that the low
diversity found in PS3 was responsible for the lack of dis-
criminatory power when the five loci were used to recognize
the strains. These results are consistent with the low poly-
morphism of nuclear genes previously found in PS3 of P.
brasiliensis (16).

The ability to differentiate among closely related isolates is
dependent on the polymorphism of the genetic markers used
for typing. The higher mutation rates operating at the micro-
satellite loci (12) allow variations to accumulate at a high rate,
leading to greater intrapopulation genetic diversity and im-
proved typing (5, 8, 24).

In summary, we have developed a microsatellite marker
system for DNA-based recognition of phylogenetic species in
the pathogenic fungus P. brasiliensis. This marker system is
stable, easy to assay, and amenable to high-throughput screen-
ing of large series of isolates. This highly transferable and
validated multilocus microsatellite typing scheme provides a
new means for assisting in species identification and for serving
as an unambiguous tool for strain discrimination in two of the
species (S1 and PS2).
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